A b s t r a c t
The dimorphic fungus Histoplasma capsulatum is cosmopolitan, being endemic mainly in the Americas and on the African continent. 1 Outside endemic areas, histoplasmosis must be considered in diagnoses for patients with a travel history, but the diagnosis often is made accidentally by histologic examination and usually at a time when no specimen is left to grow the pathogen. In addition, culturing this hazardous fungus is restricted to biosafety level III laboratories in some European countries, and experience in isolating the pathogen is limited in nonendemic areas. Staining methods and, more recently, molecular tools have been described for the detection and identification of H capsulatum in tissue samples. [2] [3] [4] [5] [6] [7] The aim of this study was to compare a novel polymerase chain reaction (PCR) assay with staining methods to optimize the diagnosis of histoplasmosis in tissue sections. Spleen specimens obtained from murine histoplasmosis were stained with H&E, Grocott methenamine-silver nitrate, and Fungiqual A fluorochrome (Drs Reinehr and Rembold, Kandern, Germany), immunostained with anti-bacille Calmette-Guérin (BCG) antibody, and examined by using a nested PCR assay. 2, 3, 6, 7 The mouse model offered the opportunity to correlate the results with the fungal burden quantified by culture.
Testing Laboratory, University of Texas Health Science Center at San Antonio) as described elsewhere. 7 On defined days after infection, mice were killed, organs were removed aseptically, and each spleen was divided into 2 parts. After weighing both parts, 1 was homogenized in sterile saline, serially diluted 10-fold, and two 100-µL samples were plated on blood agar to determine the colony-forming units per milligram (CFUs/mg) of spleen tissue after 5 to 7 days of incubation. The remaining spleen tissue was frozen in liquid nitrogen and stored at -20°C until further use. After thawing, the samples were fixed in buffered formalin for a maximum of 18 hours, followed by embedding in paraffin. Sections 4 µm thick were cut. To avoid bias caused by localized infections, the sections were distributed serially to the different detection methods, until 4 sections were available for each method. For immunostaining, 2-µm-thick sections were used. All sections were fixed on slides for staining. Two Eppendorf tubes were filled with two 5-µm-thick sections of each spleen for DNA extraction.
The studies followed the US Public Health Service Policy on the Human Care and Use of Laboratory Animals and the US Guide for the Care and Use of Laboratory Animals.
H&E Staining
Deparaffinization of sections and H&E staining followed routine procedures and were done automatically in a Varistain 24-4 (Shandon, Frankfurt, Germany). The stained sections were automatically mounted in the Promounter RCM 90 (Medite, Burgdorf, Germany).
Grocott Methenamine-Silver Nitrate Staining
The staining was done according to a protocol of the Armed Forces Institute of Pathology. 8 All chemicals were obtained from Merck, Darmstadt, Germany.
Anti-BCG Antibody Immunostaining
Immunostaining was done according to Kutzner et al. 6 In brief, after deparaffinization, the sections were placed in cover plates (Shandon) and incubated with 100 µL of Proteinase K (Merck) at a final concentration of 20 µg/mL for 30 minutes for antigen retrieval. All incubation steps were done at room temperature. After washing with a 10-mmol/L concentration of phosphate-buffered saline, pH 7.2 (PBS), 2.5% bovine serum albumin (Roth, Karlsruhe, Germany) in a 10-mmol/L concentration of tris(hydroxymethyl)aminomethane (Tris)-buffered saline, pH 7.6 (TBS) was applied for 10 minutes to block unspecific binding sites and washed off again. Then, polyclonal rabbit anti-Mycobacterium bovis (BCG) antibody (DAKO Diagnostika, Hamburg, Germany) diluted 1:1,000 in TBS was placed on each section and incubated for 40 minutes. After several washings with PBS, protein A (Vector Laboratories, Peterborough, England) diluted 1:100 in TBS was applied to the sections and incubated for 30 minutes. After washing with PBS, sections were incubated for 30 minutes with alkaline phosphatase-conjugated streptavidin (DAKO) diluted 1:200 in PBS. The substrate consisted of new fuchsin, naphthol, sodium nitrite, and levamisole to block endogenous phosphatase. It was prepared according to the manufacturer's recommendations (DAKO) and applied for 15 minutes after washing with PBS. This was followed by counterstaining with Mayer hemalum solution for microscopy (Merck) for 1 minute and washing in sterile water. After a final wash in tap water, the slides were covered with glass coverslips, using glycerol gelatin as glue.
Fungiqual A Fluorochrome Staining
Fluorochrome staining was done according to the manufacturer's instructions. Briefly, after deparaffinization the sections were overlaid by 30 to 50 µL of the ready-to-use Fungiqual A solution (1% Uvitex 2B or 4,4'-bis{[4-(3-sulfoanilino)-6-bis(2-hydroxyethyl)amino-1,3,5-triazine-2-yl]-amino}stilbene-2,-2'-disulfonic acid tetrasodium salt in standard PBS), incubated at room temperature for 20 minutes, washed with PBS, and counterstained with 0.01% Evans blue (Sigma-Aldrich, Taufkirchen, Germany) in PBS.
Microscopy
Spleen sections stained with H&E and Grocott stain and immunostained sections were examined completely by 400-fold magnification. A "suspicious" finding was examined further by using a 100-fold oil-immersion objective (1,000-fold magnification). An inverse fluorescence microscope was used with identical magnifications, an excitation filter of 400 to 410 nm, and a 455-nm barrier filter for fluorochromestained sections. Two examiners (R.B. and F.E.) separately scored all sections. In the rare event of discordance, final results were obtained by reexamining the sections together.
DNA Extraction
To one Eppendorf tube containing two 5-µm sections, 1,000 µL of xylene was added, and the mixture was incubated on a shaker for 5 minutes at room temperature and then centrifuged at 10,000g for 2 minutes. The supernatant was removed, and 1,000 µL of absolute ethanol was added, followed by centrifugation at 10,000g for 3 minutes. After removing the supernatant and repeating the ethanol and centrifugation steps, the supernatant was removed and the samples were air dried. Then, 100 µL of sterile water was added, and the tubes were exposed to 3 cycles of freezing in liquid nitrogen for 1 minute and boiling for 5 minutes to disrupt fungal cells. Afterward, a commercial kit (Nuclex) based on DNA binding to silica was used according to the manufacturer's instructions (Mediagnost, Tübingen, Germany).
Polymerase Chain Reaction
The small subunit (18 S) ribosomal RNA gene (rDNA) of H capsulatum (GenBank accession number, X58572) is targeted by the nested PCR assay. 7 The outer primers (fungus I, 5'-GTT AAA AAG CTC GTA GTT G-3' and fungus II, 5'-TCC CTA GTC GGC ATA GTT TA-3') amplify a 429-base-pair sequence of a conserved region. The inner primer set (histo I, 5'-GCC GGA CCT TTC CTC CTG GGG AGC-3' and histo II, 5'-CAA GAA TTT CAC CTC TGA CAG CCG A-3'), being complementary to the positions 643 to 666 and 873 to 849 of the small subunit rDNA, respectively, delimits a specific 231-nucleotide sequence.
The reaction mix of the first PCR consisted of 10 µL of DNA extract in a total volume of 50 µL with final concentrations of 10 mmol/L Tris hydrochloride (pH 8.3), 50 mmol/L potassium chloride, 2.5 mmol/L magnesium chloride (10× Perkin-Elmer buffer II plus magnesium chloride solution [Roche Molecular Systems, Branchburg, NJ]), a 1-µmol/L concentration of each primer (Roth), 1.5 U of AmpliTaq DNA Polymerase (Roche Molecular Systems), and a 100-µmol/L concentration of each deoxynucleoside triphosphate (Promega, Madison, WI). The reaction mix of the second PCR was identical, except that 1 µL of the first reaction, a 50-µmol/L concentration of each deoxynucleoside triphosphate, and a 1-µmol/L concentration of each primer of the inner primer set were used. The reaction mixture of the first round was amplified in a Primus PCR thermocycler Tc 9600 (MWG Biotech, Ebersberg, Germany) programmed for a 5-minute denaturation at 94°C, followed by 35 cycles at 94°C for 30 seconds, 50°C for 30 seconds, and 72°C for 1 minute, with a final 5-minute extension at 72°C. For the nested PCR product, reaction mixtures were thermally cycled once at 94°C for 5 minutes, 30 times at 94°C for 30 seconds, and at 72°C for 1 minute, with a final 5-minute extension at 72°C. The high melting temperatures of the inner primers allowed a 2-step nested PCR with high stringency.
Analyses of PCR Products
PCR products were visualized by ethidium bromide-stained 1.5% agarose gel electrophoresis. Some products were sequenced automatically with the BigDye terminator cycle sequencing kit and PCR primers according to the recommendations of the manufacturer using the ABI 373 automated DNA sequencer (Applied Biosystems Division, Perkin-Elmer Biosystems, Foster City, CA) as described in more detail previously. 7 
PCR Controls
Controls consisting of sterile water were used after every fifth extraction, in every first and second round of the nested PCR assay to monitor for carryover contamination. DNA from uninfected mice and 100 fg of cloned H capsulatum DNA were used as negative and positive controls, respectively, in every PCR assay. PCR-negative samples were screened for inhibitors by adding 2 µL of the positive control to 8 µL of the DNA extract in an additional nested PCR assay.
Statistical Analysis
A section was recorded as positive if at least 1 yeast cell with typical morphologic characteristics of H capsulatum was detected. A spleen was recorded as positive by a staining method if at least 2 of 4 completely examined sections were positive. The PCR was recorded as positive if a product of the expected size was detected by ethidium bromide-stained agarose gel. A spleen specimen was regarded as positive by PCR assay if at least 1 of 2 assays were positive.
The parameters of a logistic regression were estimated by the maximum likelihood method and compared by the likelihood ratio test. 9 
Results
A fungal burden of 0 to 12,000 CFUs of H capsulatum per milligram of spleen tissue was determined in the 30 spleens. Cultures of 6 samples, 2 from uninfected control ICR mice and 4 from ICR mice killed on day 29 after infection, yielded no colonies. Ten samples ranged between 0.2 and 10 CFUs/mg, whereas a range of 12 to 1,100 CFUs/mg were found in another 10 spleen samples. Four spleens from immunocompromised Balb/c nu/nu mice showed a tissue burden of 6,500 to 12,000 CFUs/mg of spleen tissue. In total, 120 sections of 30 organs were screened by each of the 4 staining methods, and 60 H capsulatum nested PCR assays of 30 spleen samples were done.
Staining Methods
Yeast cells of H capsulatum were not detected in any section of 6 spleen samples that were culture-negative. Single yeast cells were found by using the Grocott stain in 1 of 4 sections in a spleen with 0.2 CFU/mg. However, only 1 of 12 spleen samples with a fungal burden of less than 27 CFUs/mg was recorded positive, ie, fungal cells were seen in at least 2 of 4 sections examined. All samples and 44 of 48 sections from spleens with more than 100 CFUs/mg were recorded as positive by the Grocott stain. In ❚Figure 1❚, the probability of a positive reaction by each method is given in relation to the fungal burden (expressed as CFUs/mg of spleen tissue). Sections of a murine spleen with a fungal burden of 6,500 CFUs/mg stained by the 4 histopathologic methods are shown in ❚Image 1❚.
By fluorochrome staining, 1 of 12 spleen samples with fewer than 100 CFUs was positive, whereas all samples with higher tissue burden were positive. All but 4 of 48 sections from 12 spleens with 100 CFUs/mg or more were positive by Fungiqual A.
In only 4 of 60 sections from 15 spleens with colonyforming unit counts below 187, a few yeast cells were seen by immunostaining, but all 9 spleen samples and 32 of their 36 sections with more than 187 CFUs/mg were positive for anti-BCG.
The lowest tissue burden to result in at least 1 positive section by routine H&E staining was spleen tissue with 600 CFUs/mg. However, all 4 sections of a spleen with 716 CFUs/mg of tissue remained negative, as well as 1 of 4 sections from a spleen with 1,100 CFUs/mg. All sections from spleens with at least 6,500 CFUs/mg gave positive results by the H&E stain.
Nested PCR Assay
The lowest tissue burden to result in a positive PCR was 1.2 CFUs/mg of spleen tissue. All but 2 spleens with 1.2 CFUs/mg or more were positive in at least 1 of 2 PCR assays. All 26 PCR assays from 13 spleens with 27 CFUs/mg or more were positive. All 12 PCR assays of the 6 spleens negative by culture were negative. Sequencing of 7 PCR products gained from spleens with fewer than 100 CFUs/mg demonstrated a 99% homology to the 18S rDNA sequence of H capsulatum deposited in the GenBank (accession number, X58572) and a complete identity with the 18S rDNA sequence of the strain used for infection. 7 Crossover contamination and inhibitors were ruled out in all assays and in all PCR-negative samples examined, respectively.
Comparison of Methods
For each method, a logistic regression model was fitted to the data by the maximum likelihood method as a function of the colony-forming unit counts detected by quantitative culture. The 50% quantiles and their 95% confidence intervals for each method are shown in ❚Figure 2❚. PCR and the Grocott stain were not significantly different in detecting fungal elements (P = .07) owing to the small sample, whereas the PCR assay was significantly more sensitive than staining by fluorochrome (P = .005), anti-BCG antibody (P < .0001), or H&E (P < .0001). The Grocott stain was significantly more sensitive than immunostaining (P < .0001) and the H&E stain (P < .0001), but its sensitivity did not differ significantly from fluorochrome staining (P = .17). The fluorochrome stain was significantly more sensitive than the H&E stain (P < .0001) and immunostaining (P = .0036), which was marginally significantly more sensitive than the routine H&E stain (P = .043).
To test the goodness of fit of the logistic regression models, the spleen samples were divided into 3 groups of 10 according to the range of colony-forming units per milligram of spleen tissue. Then, the positive results achieved by each method in each group were compared with the expected number of positive results according to the model. The data shown in ❚Table 1❚ demonstrate the excellent goodness of fit of each model.
Discussion
The nested PCR assay was the most sensitive of the 5 methods applied to detect H capsulatum in spleen sections from experimentally infected mice. This finding was unexpected, because formalin fixation and paraffin embedding are known to decrease DNA yield and, consequently, PCR sensitivity. [10] [11] [12] [13] Paraffin-embedded samples were used in the PCR assay to reflect routine procedures in histopathology.
The DNA-extraction protocol using a commercial kit has been shown to efficiently yield DNA in excess of 600 base pairs. 14 Three cycles of freezing and boiling were included to achieve mechanical disruption of fungal cells. Boiling might also increase the amount of extracted DNA. 11 Since protein digestion has been reported as a limiting step for retrieval of high-quality DNA, 10 a high concentration of Proteinase K was used.
For immunostaining, sections of only 2-µm instead of 4-µm thickness were used to allow visualization of binding antibodies. The decreased amount could be responsible for the reduced sensitivity of the immunostain compared with other stains. Anti-BCG antibodies can bind to a variety of microorganisms, such as Staphylococcus species, Escherichia coli, mycobacteria, Actinomyces species, Aspergillus species, and Blastomyces species, hampering species identification. According to our data, screening for histoplasmosis by this laborious method does not increase the detection rate of fluorochrome or Grocott staining. In less experienced laboratories, species identification of dimorphic fungal cells by light microscopy can be difficult. Immunohistochemical analysis has not been successful in species identification owing to cross-reacting antibodies. 4, 5 The PCR technology allows species identification, if the target sequence is unique. The sequence of the small subunit ribosomal RNA gene from H capsulatum is nearly identical to the gene sequences of Blastomyces dermatitidis and Paracoccidioides brasiliensis. 15 Three different nucleotide positions within the 231-base-pair nested PCR product distinguish the genus Histoplasma from the other 2 pathogens. Recently, an in situ hybridization method for the identification of yeast-like organisms was published, which used a cocktail of oligonucleotide probes specific for the 18S and 28S ribosomal DNA. 16 Whereas identification of several species was achieved in 98 human samples examined, the sensitivity for detecting H capsulatum was only 50% compared with the Grocott stain. In comparison, our nested PCR seems to be more sensitive. This might be due to higher amounts of specific DNA extracted from 2 sections compared with 1 section used for in situ hybridization.
The stilbene derivative Fungiqual A binds to fungal cell wall polymers that do not occur in human cells. 3 Since fluorochrome staining is easy and even applicable to prestained sections, it is recommended to prove the fungal character of suspicious elements seen by routine staining. Autofluorescence has been described for several fungi in tissue sections, but it is variable in yeast cells of H capsulatum. 17 In accordance with findings reported by Mann, 17 no autofluorescence was detected when H&E-stained sections in the present study were screened under UV illumination.
The H&E stain was the least sensitive method in this study. In murine spleens, signs of inflammation or granulomas, which can be helpful in detecting human histoplasmosis, were not found.
The nested PCR assay was the most sensitive method to detect and the only method to identify H capsulatum in tissue sections. For screening purposes, tissue sections should be stained by one of the equally sensitive Grocott or Fungiqual A stainings, followed by PCR to identify H capsulatum in selected cases.
